Tutak, Wojtek; Jyotsnendu, Giri; Bajcsy, Peter; and Simon, Carl G. Jr., "Nanofiber scaffolds influence organelle structure and function in bone marrow stromal cells" (2016 Abstract: Recent work demonstrates that osteoprogenitor cell culture on nanofiber scaffolds can promote differentiation. This response may be driven by changes in cell morphology caused by the three-dimensional (3D) structure of nanofibers. We hypothesized that nanofiber effects on cell behavior may be mediated by changes in organelle structure and function.
INTRODUCTION
There has been great interest in designing tissue engineering scaffolds that can direct cell function. The physical properties of the scaffolds, namely the chemical, mechanical, and structural properties, may be appropriately designed to support cell expansion 1 or to drive stem cell differentiation. 2, 3 Scaffolds have a strategic advantage as therapeutic tissue engineering devices since they are easier to fabricate, are easier to control, are more stable, have lower safety risk and have a lower regulatory burden than growth factors or stem cells. 4 Electrospun polymeric nanofiber scaffolds are of particular interest since they mimic the fibrous structure of native extracellular matrix (ECM). 5, 6 Thus, fibrous scaffolds are being advanced for clinical applications, such as bladder 7 and trachea. 8 Several reports have observed that nanofiber culture may promote osteogenic differentiation of osteoblast-like cells, embryonic stem cells, and bone marrow stromal cells. [9] [10] [11] [12] [13] [14] In the case of primary human bone marrow stromal cells (hBMSCs), nanofibers drove hBMSCs into elongated, higher aspect ratio shapes with greater Z-Depth as compared to culture on flat surfaces. 13, 15 Microarray testing of BMSCs demonstrated that nanofibers induced a pattern of gene expression that was similar to induction of osteogenic differentiation with biochemical supplements, and that both nanofibers and supplements lead to enrichment of genes in the Transforming Growth Factor-b pathway. 13, 14, 16 There is a strong link between cell shape and cell function, [17] [18] [19] [20] and the dimensional structure of the cell niche may control cell function by influencing threedimensional (3D) shape. [21] [22] [23] Micropatterned cell adhesive
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surfaces were used to demonstrate that modulation of the shape of mesenchymal stem cells (MSCs) could be used to direct MSCs toward osteogenic or adipogenic differentiation. 20 Further, the cytoskeleton and the RhoA pathway were found to mediate cell-shape-directed MSC differentiation. In order to better enable the design of scaffolds that control stem cell fate, a mechanistic understanding of how scaffold structure controls cell shape and function is desirable. Herein, we hypothesized that scaffold structure may affect cell shape, which can affect organelle structure and function, which in turn will influence overall cell behavior. Just as cells are the building blocks of organisms, organelles are the basic structural units of cells. hBMSCs were cultured on poly(e-caprolactone) (PCL) nanofiber scaffolds and on flat PCL spuncoat films and then quadruple stained for actin, nucleus, mitochondria, and peroxisomes. Actin forms the cell cytoskeleton and is indicative of overall cell shape. The nucleus contains genetic material and controls gene expression. The mitochondria use food and nutrients to generate cellular energy currency while the peroxisomes metabolize fats. hBMSC organelles were imaged in 3D using confocal fluorescence microscopy and organelle 3D shapes were analyzed and compared to determine how nanofiber culture influences organelle structure.
MATERIALS AND METHODS

PCL nanofiber scaffolds
Electrospun nanofibers were made from PCL, relative molecular mass 80,000 g/mol, Sigma) with a home built electrospinning apparatus. PCL solution (10% mass fraction in 3:1 volume ratio chloroform:methanol) was loaded into a syringe and dispensed with a syringe pump at 2 mL/h in a vertical alignment with the syringe pump above the target. The positive lead from the power supply was fixed to the spinneret, which was an 18-gauge needle and the ground lead was fixed to the target (aluminum foil). The distance between needle and target was 15 cm and voltage was 16.5 kV. Tissue culture polystyrene (TCPS) disks of two diameters, 12 mm and 16 mm, were hot-punched from the bottom of TCPS dishes (100 mm dia.) and placed on the aluminum foil target. Non-woven PCL nanofiber mats were electrospun onto the TCPS disks for 1.5 h to create poly(E-caprolactone) nanofibers (PCL-NF) samples. 13 This procedure yielded a thick layer of nanofibers that completely covered the TCPS surface so that cells seeded onto the samples would contact only PCL nanofibers and not the underlying TCPS substrate. For confocal imaging experiments, PCL-NF 16 mm dia. disks were affixed to the bottom of 24-well plates with silicon grease. For bioassays, PCL-NF 12 mm dia. disks were affixed in 48-well plates. Plates were sterilized with ethylene oxide (Anderson Products), degassed 3 days (in desiccator under house vacuum), incubated 2 days in complete medium (with serum), seeded with hBMSCs, and cultured for various times as indicated.
PCL films PCL solutions (10% by mass in glacial acetic acid) were spincoated (0.8 mL, 1000 rpm, 30 s) onto tissue culture polystyrene (TCPS) dishes (100 mm dia.), air-dried, annealed at 608C for 30 s, and hot-punched into poly(E-caprolactone) spuncoat film (PCL-SC) disks. 13 For confocal imaging experiments, PCL-SC were hot-punched from the bottoms of the dishes into 16 mm diameter disks and affixed to the bottom of 24-well plates with silicon grease. For bioassays, PCL-SC were hot-punched into 12 mm diameter disks and affixed in 48-well plates. Plates were sterilized with ethylene oxide (Anderson Products), degassed 3 days (in desiccator under house vacuum), incubated 2 days in complete medium (with serum), seeded with hBMSCs, and cultured for various times as indicated.
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) PCL nanofibers and spuncoat films were imaged by scanning electron microscopy (SEM). Samples were sputter-coated with thin layer of gold (Denton Vacuum Desk II, 15 kV, 80 s) prior to imaging (Hitachi S-4700-II FE-SEM, 5 kV, WD5 12 cm). Nanofiber diameters were determined by analyzing electron micrographs using ImageJ software (NIH). All nanofiber and film samples for the study were made in one batch. For determining nanofiber diameter, two nanofiber samples were randomly chosen and three evenly spaced SEM images were collected on each sample. SEM Images were analyzed and the mean nanofiber diameter was found to be 325 nm (standard deviation (S.D.) 5 256 nm, n 5 60 fibers). Surface roughness of the spuncoat films was measured using atomic force microscopy (AFM, Dimension Icon, Bruker, Billerica, MA). Three film samples were analyzed with three spots per sample for a total of nine spots measured. The spot size was 50 lm 3 50 lm, the scans were acquired with 256 samples per line, and images were analyzed with Nanoscope Analysis (Bruker). The root mean square (RMS) roughness was determined for each analyzed spot and the mean RMS roughness was 92.8 nm (S.D. 5 10.7 nm, n 5 9).
Cell culture
Primary human bone marrow stromal cells (hBMSCs) were obtained from the Texas A&M Health Science Center (donor #8001R, female, 24 years). These cells have been characterized according to the criteria for "mesenchymal stem cells" described in Dominici et al., 24 including measurements of morphology, colony forming units, surface markers (flow cytometry), and in vitro differentiation tests (bone and fat). hBMSCs were cultured at 378C under 5% by volume CO 2 in a-minimum essential media (Invitrogen) containing 16.5% by volume fetal bovine serum (FBS, Atlanta Biologicals), 4 mmol/L L-glutamine (Invitrogen), and penicillin/streptomycin (100 U/mL penicillin and 100 lg/mL streptomycin, Cellgro). 13 (Table I) . 26 Plates were incubated for 1.5 h in the cell culture incubator, washed with phosphate buffered saline (PBS), and replenished with fresh serum-free medium. CellLight Peroxisome-green fluorescent protein (GFP) was added to each well (6 mL/well, Invitrogen) and plates were incubated for 16 h in the cell incubator. CellLight Peroxisome-GFP uses an insect cell vector (baculovirus) to transfect the hBMSCs with green fluorescent protein (GFP) that is coupled to a peptide (serine-lysine-leucine, peroxisome targeting signal) that targets the GFP to the peroxisomes.
27
The peroxisome-GFP transgene is controlled by a mammalian promoter that is recognized by the hBMSCs while the viral genes and their promoters are not. After 16 h incubation, samples were washed in PBS, fixed in 3.7% formaldehyde (volume/ volume in PBS) for 0.5 h, washed with PBS, and permeabilized with 0.2% by mass Triton X-100 for 5 min. The samples were stained with Alexa Fluor 546-phalloidin (F-actin stain, 20 nmol/ L in PBS, Invitrogen) 28 and DAPI (4' ,6-diamindo-2-phenylindole, dihydrochloride, 300 nmol/L in PBS, Invitrogen). 26 Finally, samples were washed in the PBS, washed in water, and air dried.
Confocal microscopy
Images were collected using a Leica TCS SP5 II laserscanning confocal microscope. An oil-immersion 633/1.42 numerical aperture objective was used to collect z-stack images (approximately 50 z-sections collected at 126 nm spacing for each cell, 1024 3 512 pixels, 8 bit tiff images) for nuclei, mitochondria, peroxisomes, and F-actin. Images were acquired by setting the pinhole to between 1 to 2 airy units, x-y-z voxel dimensions of 123 nm 3 123 nm 3 126 nm, digital magnification of 13 to 23, and line averaging of n 5 3. The images were obtained using sequential acquisition setup to prevent bleed-through from the four fluorescent dyes. Fifteen single cells (not touching or overlapping with other cells) were randomly selected for the image analysis. Distances in all images were assigned using an optical micrometer.
Organelle image analysis
Organelle area, perimeter, and aspect ratio. For determining organelle area, perimeter, and aspect ratio, a z-projection based on maximum intensity was created (x-y view) in ImageJ 29 and the z-projection was thresholded (from selecting "dark background" in ImageJ). A region of interest was manually drawn around each organelle using "ROI Manager" and the shape metrics were determined. All segmented organelles are shown in Supporting Information Figure S1 .
Z-Depth. For Z-Depth, each z-stack was rotated 908 on the y-axis using the ImageJ "3D Project" function, a maximum intensity projection of the z-y view was created each image was manually thresholded to maximize the cell pixel selection but minimizing pixel selection outside the cell. The maximum thickness of the organelle along the z-axis in the z-y view was measured in ImageJ using the image ruler (defined herein as "Z-Depth").
Organelle volume and surface area. Organelle volume and surface area were calculated in ImageJ using the "3D Convex Hull" plug-in. The organelles were manually thresholded in ImageJ and a "region of interest" surrounding the organelles was selected to minimize background contributions. The "3D Convex Hull" plugin calculates the convex hull of the selected organelle in the image sequence uses the convex hull to determine volume and surface area.
Centre of mass and distances between organelles. The "Object Counter3D" Image J plug-in was used to calculate center of mass of the organelles. 30 The organelles were manually thresholded in ImageJ and a "region of interest" surrounding the organelles was selected to minimize background contributions. The plugin determines the center of mass in x, y, and z coordinates. The distances between the organelle Centers of Mass were determined from the x, y, and z coordinate positions (in physical dimensions) of each organelle using the following equation based on the Pythagorean theorem: Distance from "Organelle a" (x a ,y a ,z a ) to
Generating a 3D representation of organelle positions Although the mean distances between the organelles was determined by image analysis, the mean positions of the organelles cannot be plotted in 3D without generating mean x-y-z coordinates for each organelle. The mean inter-organelle distances were converted into x-y-z coordinates using a multidimensional scaling application in Matlab (MATLAB and Statistics Toolbox Release 2012b, The MathWorks, Inc.). Next, the x-y-z coordinates for organelles from nanofibers and films were aligned qualitatively in 3D coordinate space using a Procrustes solution to minimize the distance between the paired organelles: distances between "actin-nanofibers" and "actin-films", "nucleus-nanofibers" and "nucleus-films", "mitochondria- nanofibers" and "mitochondria-films", and "peroxisomesnanofibers" and "peroxisomes-films" were minimized. Procrustes determines a linear transformation (translation, reflection, orthogonal rotation, and scaling) of the 3D points for the films to best conform them to the 3D points for the nanofibers. A Matlab Procrustes implementation was used and "the scaling in the linear transformation estimation" was disabled.
Bioassays
Overview. Five bioassays (Picogreen DNA, peroxidase, adenosine triphosphate (ATP), WST-1 bioreductive potential, and lactate) were conducted to assess differences in metabolic activity for hBMSCs cultured on nanofibers versus films. Four replicates were run for each treatment at each time point. Each assay was run twice using separate cell cultures. Negative controls for background were subtracted from all data for all assays. Negative controls were substrates (nanofibers or films) that were incubated in full culture medium for 1 day, 14 days, 21 days or 28 days without hBMSCs but with full medium changes, and then assayed in the exact same manner as substrates with hBMSCs.
Picogreen DNA assay. Total DNA content for each scaffold was determined using the Picogreen assay (Invitrogen). 31 After the indicated cell culture times (1 day, 14 days, 21 days, and 28 days), the scaffolds with adherent hBMSCs were rinsed in PBS and incubated in 1 mL of digestion buffer (PBS with 0.175 U/mL papain and 14.5 mmol/L L-cysteine) for 17 h at 608C. An aliquot (100 mL) of lysate was transferred to a 96-well plate and mixed with 100 mL of Picogreen working reagent according to manufacturer's instructions. Fluorescence (excitation 485 nm, emission 538 nm) was measured using a plate reader (Molecular Devices, SpectraMax M5). DNA concentration was determined by making a standard curve from known DNA concentrations.
Peroxidase assay. Quantitative assessment of peroxisome activity was carried out by using Amplex Red Hydrogen Peroxide/Peroxidase Assay according to manufacturer's instructions (Invitrogen). In the presence of peroxidase, Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxazine) reacts with hydrogen peroxide to produce red fluorescent resorufin. 32 Samples were rinsed with PBS, 0.25 mL of PBS was added to each well, and cells were scraped off the samples using a rubber policeman into the PBS. The scraped cell suspensions were transferred to 1.5 mL vials and sonicated over ice (Sonics, Vibra Cell, 30 sec at 30% power) to release peroxisomes. An aliquot (0.1 mL) of the lysate was mixed with 0.1 mL of Amplex Red working solution (100 mmol/L Amplex Red and 2 mmol/L hydrogen peroxide) in a 96-well plate. Fluorescence measurements were taken every 5 min for 30 min using a platereader (571 nm excitation, 585 nm emission). Peroxidase activity was determined using controls of a known amount of horseradish peroxidase standard provided with the kit. Additional "sonication" controls were run to insure that sonication did not degrade the peroxidase activity; horseradish peroxidase enzyme (provided in the kit) in PBS was sonicated and its activity did not degrade.
ATP assay. Intracellular ATP (adenosine triphosphate) levels were evaluated using a Bioluminescent Somatic Cell Assay Kit following manufacturer's protocols (Sigma-Aldrich). Luciferase converts luciferin to adenyl-luciferin in the presence of ATP and this reaction releases light. 33 In a dark room, substrates with hBMSCs were rinsed in PBS and transferred to a clean 48-well plate containing 150 mL of Somatic Cell Releasing Reagent (formulation provided with the kit containing EDTA and Triton X-100 (p-tertiary-octylphenoxy polyethyl alcohol)) in each well. Plates were gently swirled for 8 min and 0.1 mL of the lysate was transferred to a 96-well plate containing 0.1 mL of ATP Assay Mix in each well. Luminescence was measured immediately using a platereader at 570 nm for 15 min at 5 min intervals. ATP concentration was determined using controls of a known amount of ATP standard as provided by the manufacturer.
WST-1 assay. A colorimetric WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) assay kit was used to measure the bioreductive potential of cells (NADH-driven, nicotinamide adenine dinucleotide) according to manufacturer's instructions (Dojindo, Gaithersburg, MD). 34 hBMSCs on PCL-NF or PCL-SC were rinsed in PBS and 0.55 mL WST-1 solution was added to each well (PBS containing 45 mmol/L of WST-1 and 2 mmol/L of 1-methoxy-5-methylphenazinium methylsulfate). After incubating the plate for 2 h at 378C, 0.2 mL was transferred from each well to a clean 96-well plate for absorbance measurements at 450 nm using a platereader. Measurements were background subtracted using controls.
Lactate assay. Lactate concentrations in culture medium were measured with an enzymatic assay (Trinity Biotech, Abingdon, UK) according to manufacturer's instructions. In the assay, lactate oxidase converts lactic acid to pyruvate and hydrogen peroxide. 35 Peroxidase is also present in the reaction solution, which uses the hydrogen peroxide to catalyze the oxidation of chromogen precursors, which absorb at 540 nm. After the indicated cell culture times, medium in each well was replaced with fresh medium and incubated for 8 h. An aliquot (0.01 mL) of the culture medium was transferred to a clean 48-well plate and mixed with 0.3 mL of lactate reaction solution (prepared according to manufacturer's instructions). After incubation for 10 min at room temperature, absorbance at 540 nm was measured using a platereader. Lactate concentration was determined by making a standard curve from lactate standards supplied by manufacturer.
RESULTS
Cell and organelle morphology
The morphology of electrospun PCL nanofiber scaffolds and spuncoat PCL films are shown in scanning electron micrographs in Figure 1 , examples of quadruple stained hBMSCs are shown in Figure 2 , and plots of organelle shape metrics are in Figure 3 . Measurements of actin are used as cell volume measurements since actin defines all of the intracellular space. The area, perimeter, and volume of all organelles (actin, nucleus, mitochondria, and peroxisomes) were smaller during culture on nanofibers than on films [ Figure  3(a,b,d) ]. hBMSCs and their organelles had a more elongated shape (aspect ratio) and greater 3D character (Z-Depth) during culture on nanofibers [ Figure 3 (c,f)]. There were no significant differences in cell surface area between films and nanofibers [ Figure 3(e) ]. These results demonstrate that effects of the culture environment on cell shape can affect organelle shape.
In order to determine if the cell volume fraction occupied by the organelles changes between nanofibers and films, the ratios of organelle area, volume, and surface areas were plotted in Figure 4 . The nucleus, mitochondria, and peroxisomes occupy a significantly (p < 0.05) larger fraction of hBMSC area ("Nucleus/Actin", "Mitochondria/Actin", and "Peroxisomes/Actin") during culture on nanofibers than on films [ Figure 4(a) ]. In addition, the nucleus and peroxisomes occupy a significantly (p < 0.05) larger fraction of hBMSC volume ("Nucleus/Actin" and "Peroxisomes/Actin") during culture on nanofibers than on films [ Figure 4(b) ]. These differences are depicted in Figure 5 using circles (area) and spheres (volume) drawn to scale, to more visually demonstrate the larger volume fraction occupied by nucleus and peroxisomes during nanofiber culture [ Figure 5(b) ].
Organelle positioning
The geometrical centers of each organelle were used to determine 3D inter-organelle distances [ Figure 6(a) ]. The distances between all organelles were smaller during culture on nanofibers as compared to films, and all but one (mitochondria to peroxisome) of these differences were significant (p < 0.05). Since the volume of hBMSCs (actin volume) was 4.1-times smaller on nanofibers than on films [ Figure 3(d) ], ratios of the inter-organelle differences were calculated to determine if the inter-organelle distances were scaling proportionally with volume changes [ Figure 6(b) ].
If the organelle volumes are modelled as spheres, then geometric principles indicate that a 76% decrease in cell actin volume when going from films to nanofibers will correspond to a 37% decrease in sphere radius (calculations in Supporting Information Figure S2 ). If the inter-organelle distances are scaling proportionally with changes in hBMSC volume, then interorganelle distances on nanofibers should be 37% lower than films (nanofiber/film inter-organelle distance ratio 5 0.63). Figure 6(b) shows that the nanofiber/film inter-organelle distance ratios for "nucleus to peroxisome" (0.62) and "mitochondria to peroxisome" (0.70) scaled nearly proportionally with hBMSC volume changes, but that the other four inter-organelle distances did not. The nanofiber/film distances ratios from "actin to nucleus" (0.46), "actin to mitochondria" (0.39), "actin to peroxisome" (0.42), and "nucleus to mitochondria" (0.51) were smaller than would be expected if the inter-organelle distances were scaling with volume change. These results suggest that hBMSCs may actively position their organelles in response to the properties of their microenvironment, and that they actively positioned the nucleus, mitochondria and peroxisomes closer to the geometrical center of the cell (actin) during culture on nanofibers.
Multidimensional Scaling
In order to enable a 3D visual comparison of organelle positions, multidimensional scaling was used to translate the inter-organelle distances into x-y-z coordinates and a Procrustes solution was used to align the organelles from nanofibers and films in 3D. Plots of the aligned organelle coordinates are shown from three perspectives (XY, ZY, and XZ) in Figure 7(a,b) shows a 3D rendering of the organelle positions. These plots show graphically how the organelles are more tightly grouped in hBMSCs cultured on nanofibers. The ZY and XZ plots in Figure 7(a) show that the larger interorganelle distances for films are achieved by movements in the XY plane and not by extending in the z-direction. The range of the organelle positions along the z-axis is higher for nanofibers (2.3 lm) than for films (1.7 lm). These results correlate with Figure 3(f) , where Z-Depth of the organelles was larger for hBMSCs on nanofibers, and further support the notion that hBMSC organelle morphologies have greater 3D character on nanofiber scaffolds.
Due to the challenge of collecting confocal z-stacks, the current work assessed 15 cells in each scaffold (15 cells 3 two treatments (NF and SC) 3 four organelles 5 120 zstacks). The reliability of this sample size was assessed by randomly splitting the data sets into two groups (one of eight cells and one of seven cells), re-calculating the means for the shape metrics, and then comparing to the means from 15 cells. When this was done for the seven organelle shape metrics present in Figures 3 and 7 , the means of the two random groupings differed by an average of 14% from the original set of 15. 
Bioassays for organelle function
To determine if nanofiber-induced changes in actin, nuclear, mitochondrial, and peroxisomal shapes caused changes in organelle functions, five bioassay measurements were made: DNA concentration (Picogreen), peroxidase activity, WST-1 bioreductive potential, ATP concentration, and lactate concentration (Figure 8 ). Picogreen DNA assay showed that hBMSCs proliferated from 1 day to 14 days, reaching a plateau that was essentially sustained from 14 days through 21 days and 28 days. There were no consistent significant differences between nanofibers and films for DNA, WST-1, ATP, or lactate measurements. However, hBMSCs had higher peroxidase activity on nanofibers at all four time points and these differences were significant (p < 0.05) for three of the four time points (1 day, 21 days, and 28 days). These results suggest that culture of hBMSCs on nanofibers may affect metabolism involving peroxisomes and peroxidases.
DISCUSSION
Weiss and Garber first observed in 1952 that the fibrous structure of fibrin microenvironments caused mesenchymal cells to take on elongated morphologies that influenced their migration and they realized that it was important to "determine the physical basis, the mechanism, underlying this correlation." 36 In the current work, the mechanisms of how nanofiber scaffolds may enhance osteogenic differentiation were investigated by examining the 3D morphology of cell organelles. Culture on nanofiber scaffolds influenced the hBMSC actin structure and the structure of organelles: nucleus, mitochondria, and peroxisomes. Differences in organelle Z-Depth, area, aspect ratio, and volume were observed and these results support previous measurements of hBMSC actin morphology. 13, 15 Although the peroxisomes had a smaller volume during culture on nanofibers, the peroxisomes occupied a larger cell volume fraction, suggesting that the peroxisomal functional output may be enhanced during nanofiber culture. This result was supported by the peroxidase bioassay, which showed that hBMSCs had greater peroxidase activity during nanofiber culture. In addition, the inter-organelle distances were reduced during nanofiber culture. These distance reductions were greater than predicted by scaling in proportion to the cell volume reduction on nanofibers, suggesting that active mechanisms may be used to reposition organelles to a more cell-centric position during nanofiber culture. The smaller hBMSC volume and more centralized organelle positioning would reduce the energy cost of inter-organelle vesicular transport during culture on nanofibers ( Figure 9 ).
There is a strong connection between nuclear shape and cell function, 37, 38 and cell substrates that influence cell shape can also influence nuclear shape. [39] [40] [41] For mouse osteocytes, Himeno-Ando et al. observed in situ a larger nucleus/cell volume ratio in tibial bones as compared to parietal bones, 42 which suggests that there may be different functional or microenvironmental demands placed on the osteoblasts in these bones. A number of mechanisms for how changes to cell and nuclear shape may lead to changes in cell function and gene expression are being advanced. One mechanism is a contiguous physical connection between the ECM and the nuclear genome: a direct link from the ECM to cell surface receptors to the cytoskeleton to the nuclear matrix to DNA. 43 The nuclear matrix, also called a nucleoskeleton, is a proteinaceous matrix that provides structure to the nucleus and interacts with chromatin and DNA to participate in the physical regulation of gene expression. By this mechanism, changes to cell shape may directly cause conformational changes in the promoter regions of genes that enable transcription factor binding and gene expression. 40, 43, 44 This concept is especially relevant to osteogenic differentiation, since the most wellknown osteogenic transcription factor, RUNX2 (CBFA1), which binds to the osteocalcin promoter, was identified as a nuclear matrix protein (NMP-2). 45 RUNX2 is considered an architectural transcription factor, which binds to DNA and causes it to bend to physically bring promoter elements into closer proximity. The morphology of biological systems is determined by scaling laws that balance the functional requirements of fitness and survival with physical properties such as volume, surface area, enzyme activity, transport, heat transfer, reactant concentrations, and the microenvironment. [46] [47] [48] A striking example of this is the 20-year bacterial evolution experiment where E. coli (Escherichia coli) were cultured in vitro for 40,000 generations. 49 The E. coli increased their volume and some strains lost their characteristic rod-like morphology and evolved a spherical shape, which reduced their surface area to volume ratio and improved their fitness for the culture microenvironment. 50 A sphere has the lowest surface area to volume ratio for a given volume and elongated, high aspect ratio cells will have greater surface area FIGURE 7. The inter-organelle distance data in Figure 6 was used to generate mean x-y-z coordinates for the organelles using multidimensional scaling. The goodness of fit of the resulting x-y-z coordinates points was 0.22 mm for nanofibers and 0.049 mm for films (using the maximum of normalized absolute differences between input and estimated distance matrix entries). These values represent the largest interorganelle distances errors after the multidimensional scaling and were used for the error bars in panel (a). Note that the error bars for the films (0.049) are too small to see in the figure. A Procrustes solution was used to qualitatively align the x-y-z coordinates for organelles for nanofibers and films so they could be displayed and compared in the same plot. for receiving or emitting solutes. 47 Enlightening in vitro data come from experiments where the interconnections between lipid vesicles loaded with various enzyme/substrate combinations were manipulated. 51 Changing the network topology from linear to circular drastically affected the reaction kinetics and demonstrate how changes in organelle structure may affect cell function. Organelle structure is linked to functional capacity 48 and, for example, larger mitochondrial volume and surface area correlate with higher mitochondrial enzyme activity. 52 A change in volume will change the concentration of reactants and reaction rates. 51 Herein, the 76% decrease in cell volume on nanofibers (compared to flat films) may be expected to cause a 4.1-fold increase in concentration in intracellular molecules. Cells regulate the amount of their lipid membrane, where exocytosis, endocytosis, and membrane folding/ unfolding are used to increase or decrease cell/organelle volume. 53, 54 Organelle shape also affects intracellular transport and signal transduction cascades. Diffusion of molecules from a centrally located organelle reaches the entire cell volume more quickly than molecules diffusing from the far end of an elongated cell. 48 An organelle that is compact will sample less cell volume than an organelle that is widely distributed, which will influence how quickly cargo can be delivered from the organelle to its destination. Modelling of signal transduction cascades indicates that membrane-bound second messenger concentrations are decreased at the tips of elongated cells when the signal originates from the cytoplasm, leading to molecular signaling gradients. 55 Models of G-protein-coupled receptors indicate that deactivation of the second messengers can depend on cell/organelle shape, whereby membraneoriginating signals may fully penetrate the cytoplasm of flat cells but be unable to reach the center of spherical cells. 56 Thus, physical mechanisms link cell/organelle structure with cell function. Cellular metabolism is also linked to cell function and behavior. Warburg first described how cancer cells switch from oxidative metabolism to less efficient glycolytic metabolism, 57 which may provide the proper secondary metabolites to support the anabolism of the molecules required for cell proliferation. 58 In addition, glycolysis requires less oxygen, which may help cancer cells accommodate the hypoxic tumor environment. 59 Glycolysis may also be faster at providing the ATP required for proliferation than oxidative phosphorylation. 58 Likewise, differentiation of embryonic stem cells involves a change from glycolysis to oxidative FIGURE 8. Assays to assess differences in metabolic activity of hBMSCs cultured on nanofibers or films. All data are means and error bars are standard deviation (n 5 4). Asterisks indicate significant differences (t test, p < 0.05) between nanofibers and films.
phosphorylation and an increase in mitochondria, which are responsible for oxidative metabolism. 60 Reprogramming of somatic cells into "induced pluripotent stem cells" (iPSCs) is accompanied by a reduction in mitochondria and a switch to glycolysis. 61 Thus, changes in cell function and differentiation are coupled to changes in cell metabolism. Osteogenic differentiation may also be concomitant with a shift to oxidative phosphorylation, 62 despite the high energy demands of fabricating a bony, mineralized extracellular. Peroxisomes contain 50 or more enzymes and play a key role in fatty acid catabolism. 63, 64 Peroxisome proliferator-activated receptors (PPAR) are a family of nuclear receptors that bind directly to fatty acids and are transcription factors that regulate expression of lipid-metabolizing enzymes. PPARs can regulate peroxisome proliferation and also play a role in adipogenic differentiation. 65 Although it is clear that cell function and cell metabolism are linked, the exact role of changes in hBMSC metabolism during the differentiation process will require further investigation. Changes in metabolism can affect the secondary metabolites available for anabolism, the oxygen requirements (hypoxia), and the rate (and efficiency) of ATP generation.
CONCLUSIONS
Culture of hBMSCs on nanofiber scaffolds influenced the cell and organelle shape, with all organelles having greater 3D character (larger Z-Depth). On nanofibers, cells were smaller in volume and the peroxisomes occupied a larger volume fraction of the cell. Organelles were positioned closer to the geometric center of the cell during nanofiber culture. Bioassays measurements indicated that peroxidase activity was increased on nanofibers. Thus, nanofiber effects on cell function and differentiation may be mediated by changes to cell and organelle shape, which may affect organelle functional capacity, reaction kinetics, and/or transport.
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